Abstract-This paper presents a linearized state-space model of the hybrid cascaded modular multilevel voltage source converter. The developed model is validated against a detailed non-linear Electromagnetic Transient (EMT) simulation model. The impact of the ac system strength on the performance of the converter is investigated for moderately strong and weak systems. An eigenvalue analysis is conducted for both scenarios, with focus on the oscillatory modes present in the system in order to evaluate the stability constraints of the converter when connected to ac networks of different strengths.
I. INTRODUCTION
High Voltage DC (HVDC) transmission using Voltage Source Converters (VSC) has gained considerable attention due to its ability to overcome stability and reliability constraints of both High Voltage AC (HVAC) and conventional HVDC transmission systems. Development of VSC topologies from two-level to multilevel configurations has been aimed at improving the converters performance in terms of voltage quality and conversion losses, and more recently facilitating multi-terminal dc networks, which are not viable with conventional line-commutated conversion methods.
Modular Multilevel Converter (MMC) topologies offer independently controllable bridges for each phase that generate a staircase waveform closely approximating a sinusoidal voltage; they offer reduced harmonic distortion and low dv dt , which enables use of converter transformers with less insulation [1] . MMCs have proven to be advantageous in connecting off-shore wind generation to on-shore power systems with a smaller physical footprint due to their reduced filtering requirements, modularity, and scalable topologies.
Extensive research is conducted on further optimization of the key performance indices of VSC-HVDC schemes; these mainly include output voltage quality, ac and dc fault ride-through capability, and reduced conversion losses and hence improved conversion efficiency. Hybrid converters that combine the advantages of conventional VSC configurations with the modularity of MMCs have gained interest and novel converter configurations are being developed. Current research has been mainly focused on hybrid converter topologies, such as Hybrid Multilevel Converter (HMC) with ac side cascaded H-bridge cells [1] - [4] , HMC with dc side cascaded cells [5] , alternate arm converter [6] - [7] and HMC with half-or fullbridge cascaded cells connected across the dc link [8] - [10] . This paper focuses on the HMC with half-bridge cells connected across the dc link as discussed in [9] and [10] . This configuration combines series connected Insulated Gate Bipolar Transistors (IGBT) with half-bridge based multilevel converters; the latter provides the wave-shaping function while the former directs the synthesized voltages to relevant ac or dc network [8] - [10] . Fig. 1 shows a schematic diagram of the converter.
Section II briefly discusses the configuration and the basic operation of this hybrid modular multilevel voltage source converter. Section III and its subsections explain the main steps of deriving the small-signal model of the converter and governing dynamic equations are explained in detail. Section IV presents a comparison of the results obtained from the small-signal model against a detailed EMT simulation for validation of the developed model. The impact of the strength of the connected ac system on the performance of the converter is investigated by varying the Short Circuit Ratio (SCR) in order to model both strong and weak ac systems. Further this section presents results of an eigenvalue analysis performed using the model obtained for the evaluation of the small-signal stability of the converter. Section V discusses the importance of selecting an accurate turns ratio for the converter transformer when the connected ac system is weak.
II. CONVERTER TOPOLOGY AND BASIC OPERATION
A phase of the converter considered consists of an H-bridge comprising a series of IGBTs, connected in parallel to a string of cascaded half-bridge submodules at its dc terminals (referred to as a chain-link converter). These chain-link converters provide the wave-shaping function and synthesize a rectified sinusoidal ac voltage to meet the demand of the connected ac network. The H-bridges direct the synthesized voltage to the ac network and produce a nonrectified sine wave at the ac terminal of the converter. Chain-link converters are switched using conventional multilevel modulation strategies while the H-bridges are switched at fundamental frequency at the zero crossing of the voltage imposed on them. [8] - [10] .
Such arrangement contributes to a reduction in conversion losses because switching of the H-bridges occurs at a lower frequency and the chain-link converters' hard switching takes place outside the main conduction path. [9] . The selected test system shown in Fig. 2 is one converter station of a point-to-point configuration and the dc link voltage (V G ) is assumed to be fixed by the controllers of the other converter station (not modelled) and is represented using an ideal voltage source. Small-signal stability of the test system is analysed using a state-space model developed from linearizing dynamic equations of the converter and its controls around an equilibrium point. Since this converter has a specilaized configuration that affects its submodule capacitor voltage balancing and regulation, its model is not a readily available extension of conventional half-bridge and full-bridge MMCs. Therefore it is necessary that a new model be developed for this converter; the model may then be linearized for stability analysis. The following sections describe the modelling of various converter components and the formulation of the overall state-space model.
A. AC System Model
The AC system connected to the converter is modelled as a Thevenin equivalent, which comprises a voltage source and a series R-L branch connected to an ideal converter transformer. The governing dynamic equation is given in (1) where the voltages V s and V t and currents I t are represented using dynamic phasors. Substituting real and imaginary (R-I) components for voltages and currents and linearizing the resulting equation, the state-space model of the connected ac system is obtained.
B. Phase-Locked Loop Model (PLL)
A Synchronous Reference Frame PLL (SRF-PLL) (shown in Fig. 3 ) provides phase angle information of the ac system voltage (V s ). This information is utilized by the converter control system for the transformation of voltages and currents from the standard R-I coordinate system to the dq domain. The dynamic equations of the PLL are given in (2).
The output δ m is used to transform the R-I components of ac current (I tR , I tI ) and ac system voltage (V sR , V sI ) to their respective dq components (i td , i tq , v sd , v sq ) and the voltage orders generated from the control system (v td , v tq ) inversely to the R-I coordinate system. An example of the above conversion is illustrated in Fig 4. 
C. AC Control System Model with Measurement Filters
A standard rotating reference frame de-coupled dq current controller is used in ac side converter controls as given in The delay associated with filters in the instruments that are used to obtain the measured active and reactive power quantities has been incorporated into the model using a measurement filter block as shown in Fig. 6 with the governing dynamic equation given in (3) .
The block diagram of a PI controller is illustrated in Fig. 7 with the governing dynamic and linear equations given by (4) .
The control scheme in the test system utilizes active power as the control variable to generate i d(ref ) and reactive power for generating i q (ref ) . The state-space model for the ac control system is thus developed by combining the linearized dynamic equations for the outer and inner-loop controls.
D. DC Control System Model
The dc link voltage of the converter is generated by the summation of the rectified ac voltages synthesized by the three single phase converter arrangements [8] , [10] . Thus a mechanism is needed to vary the ac voltage reference for reactive power compensation of the connected network while maintaining a constant dc voltage, which is desirable from a control viewpoint. The hybrid converter topology achieves this by introducing a small amount of zero sequence 3 rd harmonic voltage to the rectified ac voltage reference [9] , [10] . This provides a dc component of voltage that can be controlled to positively or negatively compensate for the changes in the rectified ac voltage reference over each half cycle. Further it has the advantage of not showing up at the ac terminals.
Two PI control loops are incorporated in the implementation of this scheme in which a slow outer loop regulates the measured capacitor voltages of the half-bridge submodules of the chain-link converters at a desired value and generates a reference for the dc link current i dc (ref ) . The faster inner loop uses this reference and the actual dc link current i dc to obtain the voltage to be applied across the cascaded submodules V * cl , thereby calculating the 3 rd harmonic compensation (α) required to maintain the dc-link voltage constant at V G [10] .
The control loops are shown in Fig. 8 and Fig. 9 and the governing dynamic and algebraic equations are given in (5). Fig. 9 . DC link current control scheme (inner-loop)
where 
E. DC System Model
The dc system connecting to the opposite converter station is modelled with an ideal voltage source, dc filter inductance L dc , and line resistance R dc as shown in Fig 10. The submodule capacitors of the converter are modelled as an equivalent capacitor C eq1 and the capacitance is determined by the number of cells to be inserted in order to generate the chainlink voltage demand V * cl . C eq2 represents the equivalence of the submodule capacitors of the other converter.
The dynamics of the capacitor is modelled by a power balance equation given in (6) . P loss is assumed to be negligible due to fundamental frequency switching of H-bridge IGBT switches involved in the main conduction path of the converter [9] . Fig. 10 . Equivalent circuit of the DC system
The remaining equation governing the dynamics of the DC system is obtained for the transmission line as given below in (7) .
The small-signal model of the hybrid converter is developed by combining the state equations formulated above and linearizing them. The linearized state-space model can be expressed in the form given in (8) .
The state-space model consists of 15 state variables, which are given in Table I 
IV. VALIDATION OF THE SMALL-SIGNAL MODEL AND THE

IMPACT OF AC SYSTEM STRENGTH ON THE CONVERTER
PERFORMANCE
The linearized small-signal model is validated using a detailed non-linear Electromagnetic Transient (EMT) simulation model developed in PSCAD/EMTDC. The simulation parameters for the test system are given in Table II [9] . The initial operating point of the converter in selected to be 20 MW (1pu) for active power (P ac ) and 0 MVar for reactive power (Q ac ) around which the linearization of the equations is performed.
Further observations reveal that the strength of the connected ac system has an impact on the performance of the converter, thus an analysis has been conducted by varying the values of the series RL branch of the Thevenin equivalent that represents the ac system to obtain different system strengths. The strength of the connected ac system is often parametrized by the Short-Circuit Ratio (SCR). A moderately strong system having a SCR of 4.0 and a weak system with a SCR of 2.0 have been selected for the studies presented in this paper. A small disturbance (10% change for a duration of 100 ms) is applied to the active and reactive power references given to the converter at t = 2.0 s and the results obtained from the detailed EMT-model and the developed small-signal model are compared for the two system strengths as described in the following sections.
A. Transient response of a moderately strong ac system (SCR=4.0) Fig. 11 and Fig. 12 show comparisons between the results obtained from the detailed EMT simulation and the developed small-signal model for variations in the active power (P ac ) and reactive power (Q ac ) of the converter connected ac system for a small disturbance to the respective reference settings P (ref ) and Q (ref ) . The values of the series RL branch have been selected to model a moderately strong ac system parametrized by a SCR of 4.0. Using the plots given a validation of the developed small-signal model could be presented.
A detailed eigenvalue analysis of the developed small-signal model has been conducted and the results are given in Table III in which only the complex conjugate eigenvalues are shown. The frequency (f ), damping (ζ) and highly participating state variables of each oscillatory system mode observed have been investigated in this study to evaluate the small-signal stability of the converter.
B. Transient response of a weak ac system (SCR=2.0)
The values of the series RL branch representing the Thevenin equivalent of the converter connected ac system are changed to model a weak system having a SCR of 2.0. The results obtained from the small-signal model and the detailed non-linear EMT simulation model for a small perturbation in the control inputs (P ref , Q ref ) from the set point are compared for the validation of the developed linearized model as illustrated in Fig. 13 and Fig. 14 . The eigenvalues analysis of the converter model connected to a weak ac system is given in Table IV in which only the complex conjugate eigenvalues are shown. An additional oscillatory mode is observed when the converter is connected to a weak ac system.
As seen from the above plots, the trends obtained from the small-signal model for a small disturbance given to the active and reactive power set points show good agreement with those obtained from the detailed EMT simulation for both moderately strong and weak converter connected ac systems. An important observation is made when the converter is connected to a weak ac system, in which the selection of the transformer parameters such as the turns ratio may have detrimental effects on the performance of the converter. The preliminary studies conducted in order to validate the developed linearized small-signal model against the non-linear EMT model, having the converter transformer turns ratio of 1:1.1 between the ac side and converter side, exhibited an oscillation of 50 Hz modulated with a low frequency of 8 Hz for the results obtained from the EMT model as given in Fig. 15 .
A further harmonic analysis was performed on the EMT simulation model and it was observed that the converter voltage and current contain a high percentage of 2 nd harmonic frequency component. Under this scenario, a limitation is created on the modulation index generated by the decoupled dq control scheme implemented for independent active and reactive power control of the converter by reaching the ceiling value of the limits specified in [9] ; thereby inhibiting the reactive power compensation capability of the converter. Thus the turns ratio of the converter transformer must be selected suitably when the system strength of the connected ac system is weak, in order to mitigate the injection of low-frequency oscillations to the system.
VI. CONCLUSIONS
A linearized small-signal model of the hybrid modular multilevel VSC discussed in [9] [10] was derieved and validated against a detailed non-linear EMT simulation. Further the impact of the strength of the ac system, to which the converter is connected, on its performance was evaluated in this paper by selecting two systems having SCRs of 4.0 and 2.0 representing a moderately strong system and a weak system, respectively. The results obtained from the developed model compared against the detailed non-linear model show good agreement for both strengths of the connected ac system. Eigenvalue analysis on the small-signal model developed revealed that for operation in the linear range, the converter does not exhibit instabilities due to oscillations when connected to both strong or weak ac systems since the oscillatory modes as observed in this study are damped out fast.
Selection of the parameters for the transformer when the converter is connected to a weak ac system has a critical impact on its performance. Inaccurate settings for the turns ratio results in low-frequency oscillation injection to the system due to the saturation of the transformer as discussed in this paper.
